Material
D
endritic cells (DCs) are the most potent APCs known (1-3), and they are being increasingly exploited as vaccines for cancer (4) (5) (6) (7) (8) (9) . In one particularly successful trial, vaccination with idiotype-pulsed DCs yielded progression-free survival in 70% of treated B cell lymphoma patients (8) . Unfortunately, most other clinical studies have been less successful, with objective tumor responses seen in only a minority of cases, underscoring the need for improvement (4, (9) (10) (11) (12) .
DC vaccines must fulfill three major requirements for induction of an optimal T cell response: migration to lymphoid tissues to present the immunizing Ag, acquisition and maintenance of a mature stimulatory phenotype, and longevity. Migration to lymph nodes requires acquisition of a migratory phenotype, including expression of the chemokine receptor, CCR7, which directs mature DCs to the T cell areas of lymphoid organs in response to the homeostatic chemokines CCL19 and CCL21 (13) (14) (15) (16) . However, clinical studies of DC vaccines have shown that ,5% of DCs reach the lymph node, even if injected in close proximity (17) ; the remaining cells die in situ, effectively reducing the vaccine dose by .1 log. Although direct infusion of DCs into lymphatic vessels may overcome migratory deficiencies and improve antitumor immunity (4, 7, 18) , this is technically challenging. After migration, DCs must retain their mature immunostimulatory phenotype and persist, so that they can continue to stimulate adequate numbers of T cells for sufficient time to eliminate infection or tumor. Most DC vaccines are matured ex vivo using combinations of cytokines and TLR ligands, but these maturation signals become attenuated following injection. Consequently, DCs succumb rapidly to endogenous inhibitors, and their immunostimulatory functions remain short-lived (19) (20) (21) .
IL-1R-associated kinase M (IRAK-M) inhibits cytokine secretion in monocytes and macrophages (22) . Its loss leads to hyperactivation of the innate immune system, and altered levels of IRAK-M have been associated with conditions such as osteoporosis, cirrhosis, and sepsis (23) (24) (25) . We aimed to determine whether IRAK-M is also an inhibitor of DC functions and, if so, whether its absence in tumor Ag-expressing DC vaccines would result in enhanced activation of tumor Ag-specific immunity and improved tumor clearance. We show that IRAK-M is expressed in murine DCs and that abrogation of this single molecular target enhances activity through the NF-kB and p38-MAPK pathways after TLR ligation, and thereby it promotes DC migration to lymph nodes, maintains their maturity, and prolongs their survival. As a consequence, Ag-pulsed IRAK-M 2/2 DCs increase proliferation of Ag-specific CD4 + and CD8 + T cells in vivo and enhance antitumor activity. /J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). IRAK-M 2/2 mice were obtained from the laboratory of Richard A. Flavell (Yale University School of Medicine, New Haven, CT) and were described previously (22) . Mice were maintained in a pathogen-free mouse facility at Baylor College of Medicine, according to institutional guidelines. This study was approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine.
Materials and Methods
Peptides, chemicals, proteins, and cell lines (20) peptides were synthesized and purified by HPLC to .95% purity by Genemed Synthesis (San Antonio, TX). TRP2 (SVYDFFVWL) and gp100 (EGSRNQDWL) peptides were from ProImmune (Bradenton, FL). Peptides were dissolved in DMSO before final dilution in endotoxin-free PBS (Sigma-Aldrich, St. Louis, MO). Ammonium pyrrolidine dithiocarbamate was from EMD Biosciences (San Diego, CA). U0126 was from Cell Signaling Technology (Danvers, MA). SB203580 was from InvivoGen (San Diego, CA). Escherichia coli LPS and OVA protein were from Sigma-Aldrich. Recombinant human CCL-19 and CCL-21 were from PeproTech (Rocky Hill, NJ). Recombinant mouse CD40L was from R&D Systems (Minneapolis, MN). The EL4 thymoma cell line (H2-b) was obtained from American Type Culture Collection (Manassas, VA). The EG.7 thymoma cell line (H2-b) was kindly provided by D. Spencer (Baylor College of Medicine). The B16.f10 melanoma cell line (H2-b) was obtained from American Type Culture Collection. FACS Abs CD3, CD4, CD11c, CD86, CD80, MHC-II, CD40, IL-6, TNF-a, IFN-g, and Annexin V were from BD Pharmingen (San Jose, CA); FACS Abs CCR7, CD8, GITRL, and OX40-L were from eBioscience (San Diego, CA).
Cell culture and flow-cytometric analysis
Mouse bone marrow-derived DCs (BMDCs) were obtained, as described (20) , with some modifications. Bone marrow was flushed from hind limbs, passed through nylon mesh filters, and depleted of RBCs by incubation at room temperature in RBC Lysing Buffer (Sigma-Aldrich). Cells were maintained in HyClone RPMI 1640 (Logan, UT), supplemented with 10% FBS (Summit Biotechnology, Fort Collins, CO), nonessential amino acids, HEPES buffer, glutamax, b-ME, IL-4 (20 ng/ml), and GM-CSF (20 ng/ml; PeproTech) at 37˚C, 5% CO 2 . After 48 h in culture, nonadherent cells were removed, and fresh media and cytokines were added. On day 5-6 of culture, .80% of cells expressed DC markers, as determined by FACS analysis (CD11c
). To avoid possible activation by FBS, DCs were incubated overnight in Cellgenix DC media (Freiburg, Germany) prior to ELISA, Western blot, or FACS. Intracellular cytokine staining was performed using the BD Cytofix/Cytoperm Fixation/ Permeabilization Solution Kit with GolgiPlug (brefeldin A) (BD Biosciences, San Jose, CA) added during the last 4-6 h of incubation. Flow cytometry was performed with a FACSCalibur (BD Biosciences) and analyzed using FCS Express software (De Novo Software, Los Angeles, CA).
Migration assays
Chemotaxis in response to chemokines was determined by measuring the number of cells migrating through a 5.0-mm-pore polycarbonate membrane insert (Corning, Corning, NY). For each experiment, 2-3 3 10 6 DCs were labeled with 100 mCi [ 51 Cr] as sodium chromate (Amersham Biosciences, Piscataway, NJ) for 1 h at 37˚C in 1 ml PBS. Cells were washed three times with PBS and counted. The upper chamber contained 5 3 10 5 DCs stimulated as indicated and suspended in 100 ml serum-free Aim V media (Invitrogen, Carlsbad, CA). The bottom chamber contained 600 ml serumfree Aim V media with or without chemokines, as indicated. Chemokines were used at 100 ng/ml. For some assays, cells were preincubated with chemical inhibitors for 1 h (25 mM) before addition of LPS. Cells migrated for 3 h at 37˚C in a 5% CO 2 incubator, and cells accumulating in the bottom chamber were counted with a g counter. For migration and phenotyping assays, chemotaxis was performed as above, but without [ 51 Cr] labeling, followed by staining and flow-cytometric analysis using BD TruCount tubes.
Alloreactions/T cell proliferation
Spleens were harvested from BALB/c mice and disrupted to obtain a singlecell suspension. T cells were purified using MACS CD8a (Ly-2) or CD4 (L3T4) MicroBeads (Miltenyi Biotec, Auburn, CA). IRAK-M 2/2 or wildtype (WT) DCs, stimulated as indicated, were washed and plated in doubling dilutions, starting at 2 3 10 4 cells/well in a round-bottom 96-well microtiter plate in triplicate. A total of 1 3 10 5 purified T cells were added to each well, for a total volume of 200 ml complete RPMI 1640. In most experiments, 100 ml media was removed and stored at 220˚C for cytokine ELISA prior to radioactive labeling. Proliferation was measured after 3 or 6 d by adding 1 mCi 
Western blot analysis
To avoid possible activation by FBS, DCs were first incubated overnight in Cellgenix DC media. DCs were stimulated for the indicated times with 50 ng/ml LPS, then harvested, washed with PBS, and lysed with cell-lysis buffer (20 mM NaPO 3 , 150 mM NaCl, 5 mM EDTA, 13 Triton X-100 + Halt Protease inhibitor mixture; Pierce, Rockford, IL). Cellular debris was removed by centrifugation, and lysates were stored at 280˚C until further use. Where indicated, nuclear fractionation was performed using the Abcam protocol (cytoplasmic buffer: 10 mM HEPES, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 0.05% IGEPAL; nuclear buffer: 5 mM HEPES, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 26% glycerol [v/v] ). Protein levels were determined by standard Bio-Rad protein assay (Bio-Rad, Hercules, CA). An equal amount of lysate (20-50 mg/lane) was subjected to SDS-PAGE and then blotted onto Immobilon-P Transfer membranes (Millipore, Bedford, MA) and blocked in 2.5% nonfat milk-TBS-0.025% Tween-20 buffer. Blots were then incubated in primary Ab (actin from Cell Signaling Technology; CCR7 from Abcam, Cambridge, MA), followed by appropriate secondary IgG-conjugated HRP (Santa Cruz Biotechnology, Santa Cruz, CA). Blots were developed using ECL Plus Reagents (Amersham Biosciences) and printed on Biomax light film (Kodak, Rochester, NY).
DC immunization and tumor models
DCs were obtained from IRAK-M 2/2 or C57BL/6 WT control mice, as described. DCs were pulsed with OVA protein for 8 h and cultured for an additional 12-16 h with LPS. DCs were washed in PBS and injected in the rear footpad of naive C57BL/6 mice at 1 3 10 6 cells/mouse. Mice were sacrificed on indicated days; inguinal lymph nodes and spleens were removed for intracellular staining and ELISPOT, respectively. Inguinal lymph nodes were dissociated and plated in complete RPMI 1640 containing OT-I and OT-II peptides (10 mg/ml each) for an overnight stimulation at 37˚C, followed by intracellular staining. For ELISPOT (20) , spleens were dissociated and purified using MACS CD4 (L3T4) or CD8 (Ly-2) MicroBeads (Miltenyi Biotec). Cells were plated in triplicate with OT-II or OT-I peptide (10 mg/ml) or anti-CD3/CD28 for positive control. Plates were incubated overnight, and IFN-g secretion was assessed with Abs from Mabtech (Nacka, Sweden). For the tumor models, C57BL/6 mice were injected s.c. with 5 3 10 5 E.G7-OVA or 2.5 3 10 5 B16.f10 tumor cells, as indicated. Five days later, mice were vaccinated with 1 3 10 6 nonpulsed or Ag-pulsed (OVA for E.G7, TRP2 + gp100 peptides for B16.f10), LPS-matured IRAK-M 2/2 or WT DCs, as indicated. Tumor volumes were measured two or three times per week with a digital caliper.
Statistical analyses
Statistical analyses were performed using SPSS 16.0 software (SPSS, Chicago, IL) with a 95% confidence limit, defined as p , 0.05.
Results

IRAK-M
2/2 DCs can be generated and mature normally
To discover whether DC function and longevity are enhanced in the absence of IRAK-M, we first determined whether IRAK-M was expressed in WT DCs and whether we could still differentiate and mature DCs from IRAK 2/2 mice in its absence. There was no significant difference in expression of OX40L, GITRL, or CD40. Thus, the absence of IRAK-M does not adversely affect DC generation or maturation.
IRAK-M 2/2 DCs enhance activation of effector T cells
Despite the modest phenotypic differences identified, LPS-matured and unstimulated IRAK-M 2/2 DCs stimulated the proliferation of allogeneic splenocytes more potently than did LPS-matured or immature WT DCs, as measured by [ 3 H]thymidine uptake at day 3 (data not shown) and day 6 (Fig. 1C) . Additionally, as shown in Fig. 1D , allogeneic CD4 + and CD8 + splenocytes cultured with IRAK-M 2/2 DCs produced significantly greater amounts of IFN-g than after culture with WT DCs (14.9 6 3.8 ng/ml versus 7.0 6 0.9 ng/ml at 1:5 DC/T cell ratio for CD8 + T cells, p , 0.01; 13.6 6 1.1 ng/ml versus 5.9 6 0.8 ng/ml at 1:20 DC/T cell ratio for CD4 + T cells, p , 0.05). Together, these data demonstrate the superior ability of IRAK-M 2/2 DCs to activate and induce T cell proliferation.
Expression and activity of p38 and NF-kB TLR signaling in DCs regulates multiple cellular responses, including migration (through MAPK pathway activation) and survival (through the NF-kB pathway) (26) (27) (28) . To evaluate the effect of IRAK-M removal on these pathways, we compared the kinetics of NF-kB and MAPK activity after TLR activation in IRAK-M
2/2
and WT DCs. p38 activity was measured in IRAK-M 2/2 and WT DCs stimulated with LPS after overnight incubation in CellGenix DC medium to avoid serum-induced maturation. As shown by Western blot ( Fig. 2A) , IRAK-M 2/2 DCs had increased phosphorylation of the Th1-polarizing p38-MAPK, but not of the Th2-polarizing ERK1/2 (p42/44) (29, 30), prior to and throughout LPS stimulation. To evaluate NF-kB activity, we studied phosphorylation of RelA (p65) and the NF-kB inhibitor IkB-a, whose activity is inversely correlated to that of NF-kB. Increased RelA activity was seen in IRAK-M 2/2 DCs compared with WT cells, as indicated by higher levels of phospho-RelA in nuclear fractions relative to actin controls (Fig. 2C ). In agreement, WT DCs showed increased IkB-a protein compared with IRAK-M
DCs (Fig. 2B ).
IRAK-M 2/2 DCs produce more Th1 cytokines than WT DCs
Because MAPK and NF-kB control cytokine secretion, migration, and longevity, we next evaluated those functions in IRAK-M DCs compared with WT DCs under all conditions, although we noted that LPS stimulation led to the highest levels of IL-12p70 production. Together, these data show that removal of IRAK-M enhances DC maturation and favors polarization toward a Th1-promoting phenotype, indicating that IRAK-M is a negative regulator of DC maturation and cytokine secretion.
IRAK-M 2/2 DCs migrate more effectively than WT DCs in vitro and in vivo
To evaluate DC migration, we measured expression of the chemokine receptor CCR7 (required for migration to lymph nodes after pathogen encounter) and of CCR2, CCR5, and CCR6 (important for the migration of immature DCs to sites of injury and inflammation) (16, 33 Fig. 4C ). Further, migratory cells exhibited higher expression of classic maturation markers, whereas nonmigratory cells expressed lower levels of CD80 and CD86, indicating a less mature phenotype (Fig. 4C) . To compare the in vivo migration of IRAK-M 2/2 and WT DCs, cells were stimulated with LPS (50 ng/ml) overnight, then harvested, stained with CFSE, and injected into the footpad of WT recipient mice, which were sacrificed 48 h later. Inguinal lymph nodes and spleens were removed and examined by quantitative FACS for the presence of CFSE + /CD11c + migratory DCs. As shown in Fig. 4D , significantly larger numbers of IRAK-M
2/2
DCs migrated to inguinal lymph nodes and spleens of recipient mice. These results agree with our in vitro data and demonstrate that IRAK-M is a negative regulator of murine DC migration in vivo.
To confirm that enhanced DC migration resulted from the observed increase in p38 activity, we included a chemical inhibitor of p38 (SB203580) in our migration assays (Fig. 4E) , which led to or WT DCs were cultured for the indicated amounts of time with LPS (50 ng/ml), lysed with buffer containing protease and phosphatase inhibitors, then subjected to Western blot. A, Blots were probed for p38 or ERK1/2 and then stripped and reprobed for the corresponding phosphoprotein. Actin is shown for loading control; densitometry is shown in the right panels. B, Blots were probed for IkB-a and then stripped and reprobed for actin. C, Nuclear/cytoplasmic fractionation was performed and then blots were probed for NF-kB phospho-p65 (RelA). Actin was used to control for loading, and tubulin was used to control for the separation itself. Results shown are representative of at least three independent replicates. Abs and buffers used are listed in Materials and Methods.
a significant reduction in migration of IRAK-M 2/2 and WT DCs (KO: 16.55 6 0.8% decreased to 4.33 6 0.3%; WT: 9.92 6 0.4% decreased to 5.18 6 0.3%). By contrast, preincubation with the ERK1/2-or p65-specific inhibitors U0126 or ammonium pyrrolidine dithiocarbamate, respectively, had no effect. Taken together, these results indicate that DCs lacking IRAK-M have enhanced p38-dependent migration in response to the CCR7 ligands CCL19 and CCL21.
IRAK-M 2/2 BMDCs are longer lived than WT BMDCs
To determine whether increased activity of the NF-kB pathway in IRAK-M 2/2 DCs affected the long-term viability and function of DCs, we analyzed their viability over 7 d of culture without growth factors in the presence or absence of LPS. Western immunoblotting showed increased expression of Bcl-2 in IRAK-M 2/2 DCs compared with WT DCs for as long as 5 d (Fig. 5A ), in agreement with the sustained increase in activity through the NF-kB pathway shown in Fig. 2 . We also enumerated viable DCs at increasing times after LPS stimulation using trypan blue, Annexin V, and propidium iodide (PI) staining. As shown in Fig. 5B, greater ; gray line, WT; shaded graph, isotype control. Plots are gated on CD11c + cells and normalized to isotype control. B, DCs were analyzed for migratory capacity toward CCL-19 or CCL-20 (100 ng/ml) using a standard Transwell-assay system. DCs were stimulated with LPS (50 ng/ml), labeled with [ 51 Cr], loaded into the top chamber of a 5.0-mm-pore Transwell plate, and allowed to migrate for 3 h at 37˚C. Where indicated, saturating concentrations of blocking Abs to CCR7 (a-CCR7) or CCR6 (a-CCR6) were added directly to the Transwell assay plate. C, DCs were preincubated (or not) with p38-specific inhibitor SB203580 or ERK1/2-specific inhibitor U0126 (25 mM each), followed by maturation with LPS and chemotaxis assay. Data are averages of at least three separate experiments. D, LPS-matured DCs were allowed to migrate in Transwell inserts for 3 h and then cells in the top chamber (nonmigrated) and bottom chamber (migrated) were stained separately and analyzed by FACS. Numbers represent MFI (top number, IRAK-M 2/2 ; bottom number, WT).
Migrated samples were acquired using BD TruCount tubes; height of peak represents absolute number of cells. E, A total of 1.5 3 10 6 LPS-stimulated DCs were labeled with CFSE (1.5 mM), washed, and injected into the left footpad of naive recipient C57BL/6 mice. Mice were euthanized after 48 h, and the target tissues were examined for CD11c Fig. 7C ).
To apply this vaccination technique to more physiologically relevant Ags, we performed tumor studies using the melanoma line B16.f10. This cell line expresses multiple tumor-associated Ags, such as TRP2, gp100, and Melan-A/MART-1, which have also been studied in human clinical trials (4, 34) . Naive WT C57BL/6 mice were inoculated on day 0 with 2.5 3 10 5 B16.f10 cells/mouse, followed by vaccination on day 5 with 1 3 10 6 IRAK-M 2/2 or WT DCs that had been pulsed with TRP2 and gp100 peptides and then matured with LPS. Fig. 7D shows the survival curve obtained from these studies; vaccination with IRAK-M 2/2 DCs euthanized at indicated time points, and inguinal lymph nodes and spleens were removed. A, Inguinal lymph nodes from vaccinated mice were restimulated overnight with OT-I and OT-II peptides (10 mg/ml each), with GolgiPlug (brefeldin A) added during the last 6 h of culture. Cells were harvested, washed, and analyzed by intracellular staining for IFN-g; representative day 14 lymph nodes are shown. B, Spleens from vaccinated mice were purified using CD8 + or CD4 + MACS beads and plated in triplicate with peptide (OT-I or OT-II; 10 mg/ml) or CD3/CD28 Ab; all samples responded to positive control. Plates were incubated overnight, and IFN-g secretion was assessed by ELISPOT. Results are averages of two to four experiments, with four or five mice per group.
was also able to significantly prolong survival of B16.f10 tumorbearing mice in comparison with WT DCs (p = 0.009) or PBS control injection (p , 0.001).
To demonstrate the antigenic specificity of our vaccination, we also included treatment groups receiving nonpulsed LPS-matured WT and IRAK-M 2/2 DCs. As shown in Fig. 7D , these mice were not able to control their tumors and succumbed rapidly, indicating that Ag is necessary for the enhanced in vivo function of our inhibitor-silenced DC vaccine.
Discussion
IRAK-M, an inhibitor of MyD88-dependent TLR and IL-1 signaling, is expressed only in cells of myeloid origin, such as macrophages, monocytes, and osteoclasts (22, 35, 36) . It functions by binding to the IRAK-1/IRAK-4/TRAF6 complex downstream of MyD88, thereby inhibiting its dissociation and subsequent signaling. We have now shown that IRAK-M is expressed in murine DCs, where it also acts as a negative regulator of TLR signaling. After TLR ligation, DCs from IRAK-M 2/2 mice demonstrated increased activation of the p38-MAPK and NF-kB pathways compared with WT DCs (Fig. 2) , resulting in enhanced secretion of Th1 cytokines and chemokines, as well as superior Ag-presenting function (Fig. 3) . IRAK-M 2/2 DCs expressed higher levels of CCR7 and migrated more effectively than their WT counterparts, in vitro and in vivo (Fig. 4) , and showed increased longevity (Fig.  5) . As a consequence, IRAK-M 2/2 DCs induced a stronger T cell immune response in vivo, eliminating established tumors and prolonging the survival of tumor-bearing mice (Figs. 6, 7) . The IRAK family consists of four members, the ubiquitously expressed IRAKs 1, 2, and 4 and the myeloid-lineage-restricted
IRAK-M (36). IRAK-M
2/2 mice were found to exhibit unexpectedly enhanced immune responses following bacterial challenge, as well as delayed endotoxin tolerance, leading to the conclusion that unlike other IRAKs, IRAK-M functions as a TLRsignaling inhibitor (22) . Like other negative regulators of immune responses, such as SOCS-1 and A20, IRAK-M likely serves to shut down the immune response following pathogen clearance and prevent overwhelming inflammatory responses; indeed, altered IRAK-M levels have been associated with sepsis, osteoporosis, and cirrhosis in murine models and in patients (23) (24) (25) 35) . However, unlike A20 and SOCS-1, IRAK-M is highly myeloid lineage restricted and, likely for that reason, IRAK-M knockout in mice does not cause premature lethality. Most studies of IRAK-M have concentrated on the role of IRAK-M in innate immunity with a focus on sepsis, shock, and endotoxin tolerance, but relatively little is known about the role of IRAK-M in adaptive immunity. Because decreased IRAK-M in macrophages and monocytes results in enhanced and prolonged activity through the p38 and NFkB pathways (22, 24, 35) and because these signaling pathways influence migration, longevity, and cytokine/chemokine secretion, we reasoned that if IRAK-M is expressed in DCs, its removal would result in enhanced activity through these pathways. Indeed, we observed increased migration and prolonged lifespan of IRAK-M 2/2 DCs compared with WT DCs. The enhanced migration was dependent on p38 (but not ERK1/2) and likely correlated with increased expression of the CCR7 receptor (27, 37) . An unexpected benefit of IRAK-M removal in DCs was Th1 skewing, a DC attribute that has proved essential for the induction of antitumor immune responses (38, 39) . IRAK-M-modified DCs continued to secrete significant amounts of the pivotal Th1 cytokine IL-12 for 5 d compared with WT DCs, as well as greater amounts of IL-6, TNF-a, and the Th1-skewing chemokine CCL19. An additional aspect of DC biology that is crucial to vaccine efficacy is viability. After capturing Ag and trafficking to the lymph nodes, DCs must remain in a mature and viable state for sufficient time to present the Ag to cognate T cells. It has been suggested that the lifespan of mature DCs is on the order of days and varies by subset (40) ; however, IRAK-M 2/2 DCs survived significantly longer than their WT counterparts while retaining a functional, mature phenotype. The apparent loss of maturation markers by WT DCs may be due to exhaustion and death following stimulation (41), leaving behind a less mature population. As observed in Fig. 1B , WT DCs are able to become phenotypically mature following TLR ligation; however, the majority of the population does not maintain a mature and viable state long-term as do the IRAK-M 2/2 DCs.
The enhanced viability observed in IRAK-M 2/2 DCs could be explained by the prolonged activity of the NF-kB pathway and expression of the antiapoptotic protein Bcl-2, which were previously shown to control the longevity of murine DCs (26, 28, 40, 42) . During natural pathogen infections, continued production of TLR ligands maintains a flow of DCs from the infection site to the lymph node until the infection is contained, so that DC longevity may not be crucial. However, tumors are poorly immunogenic, do not produce TLR ligands, and create an immunosuppressive microenvironment; therefore, after vaccination, DC longevity becomes critical (43, 44) . The characteristics imparted to DCs by inhibition of IRAK-M signaling should translate into more potent DC vaccines, the current efficacy of which is limited by their ability to migrate to lymph nodes and maintain potency and viability in vivo. Less than 4% of injected mature DCs migrate to lymph nodes, and those that remain at the injection site lose viability and are cleared by infiltrating CD163 + macrophages within 48 h (17). In our study, IRAK-M 2/2 DCs were detected with lower frequency at the injection site, as measured by CFSE staining (data not shown), and at greater frequency in local and distant lymph nodes, consistent with migration from the injection site to lymphoid tissues. These migrated DCs induced higher frequencies of Ag-specific T cells over a longer time compared with WT DC vaccines. Several strategies to surmount the deficits of DC vaccines have been evaluated in mouse models and in the clinic. The systemic infusion of adjuvants or cytokines can prolong in vivo DC stimulation, but it may have significant off-target effects, such as toxicity and activation of regulatory T cells (9, 38) . To increase tumor targeting, TLR agonists have been injected directly into tumor sites, leading to tumor regression with minimal systemic side effects (45, 46) ; however, tumor sites may be multiple, inaccessible, or unidentified. To circumvent the requirement for migration, injections of Ag-pulsed DCs have been given directly into lymph nodes or lymphatic vessels of lymphoma and melanoma patients, yielding immunological responses in more than half of the cases but few complete remissions (4, 6) . These complicated procedures might be avoided by a single injection of IRAK-M-silenced DCs that could naturally migrate to lymph nodes and maintain their mature phenotype without requiring an in vivo adjuvant.
Genetic strategies have also been used, either to enhance maturation signals or to inhibit endogenous inhibitors in preclinical studies (5, 20, 21, 44, 47, 48) . Genetic modification affects only the DCs presenting the tumor Ags of interest and renders the treatment highly specific. Modifications leading to enhancement of positive-regulatory pathways include inducible or constitutive activation of stimulatory pathways, like Akt1 or CD40 (5, 44) ; coexpression of receptor and ligand pairs, like receptor activator of NF-kB and RANKL (48); expression of T cell-attracting chemokines; and expression of Th1-skewing cytokines, such as IL-12, IL-18, and/or TNF-a (47). These approaches produced tumor regression in animal models, but enhanced DCs may remain susceptible to endogenous inhibitors. Therefore, the alternative approach has been to inhibit negative regulators and, hence, improve and prolong the viability and function of mature DCs. Small interfering RNA (siRNA) targeting of A20, a negative regulator of NF-kB signaling, led to increased IL-6 production, inhibition of regulatory T cells, and enhanced Ag-specific antitumor activity (21) . Silencing SOCS1 in DCs led to enhanced IL-12 production and regression of established murine tumors (19, 20) . Although highly effective, both of these strategies required injection of multiple doses of vaccine and/or use of an in vivo adjuvant. Furthermore, these genetic modifications regulated one or two characteristics of DCs (cytokine secretion and/or longevity and/or migration) but did not affect all three (19-21, 44, 47) . Because IRAK-M regulates the NF-kB and p38 pathways, we reasoned that removal of IRAK-M would enhance cytokine secretion and increase DC longevity and migration, producing multiple benefits from a single modification. Indeed, a single dose of 1 3 10 6 Ag-loaded, mature IRAK-M 2/2 DCs was able to suppress tumor growth without additional boosting. To generate a clinically relevant vaccine product, IRAK-M could also be targeted in human DCs using an siRNA approach. Although we are not aware of any small molecule inhibitors of IRAK-M, systemic administration of such an inhibitor or viralmediated delivery of an siRNA should cause little toxicity because of the tissue-specific expression of IRAK-M. Absence of functional IRAK-M in DCs does not seem to be associated with adverse effects in our studies. No autoimmunity was observed in IRAK-M 2/2 DC-vaccinated mice that were followed for .6 mo; these mice remained active and alert, with no discernible changes in dietary or grooming habits. This is in contrast to mice that underwent systemic administration of cytokines or TLR ligands (49) . Indeed, IRAK-M 2/2 mice are viable, fertile, and do not exhibit any gross abnormalities until later in life when osteoporosis may develop (22, 35) . This relative well-being contrasts with the effects observed in other inhibitor KO mice. SOCS1 2/2 mice exhibit lymphocyte-dependent dysregulation of cytokine signaling, resulting in overproduction of IFN-g and death by 3 wk of age (50). A20 2/2 mice develop severe innate immune cell-mediated inflammation and die within 6 wk of birth (51) . These phenotypic differences may be due largely to tissue distribution; although SOCS1 and A20 are widely expressed, IRAK-M displays limited expression only in cells of myeloid origin. Therefore, removal or silencing of IRAK-M will affect a specific and limited lineage, whereas targeting ubiquitously expressed proteins could affect multiple tissues and cause widespread adverse effects. In summary, we demonstrated that IRAK-M is an inhibitor of multiple DC activities and that removal of this molecule enhances DC survival, migration, and Ag presentation, with beneficial effects on antitumor immune responses. Given the importance of these three functions to the development of an effective DC vaccine, IRAK-M may be a useful target for inhibition when an enhanced and specific immune response is desired.
